We studied the inferior vena cava (IVC) as an index of right-heart function in 111 patients. A two-dimensional echocardiographic sector was used to visualize the IVC, and its M-mode cursor was used to generate a time-motion record of the IVC size and pulsation. Normal subjects had a small presystolic A wave (less than 125% of the end-diastolic IVC dimension), a small systolic V wave (less than 140% of the enddiastolic IVC dimension), and a 50% inspiratory decrease in IVC dimension. The A wave was absent in patients with atrial fibrillation. When normalized for body surface area, mean end-diastolic IVC dimension correlated with mean right atrial pressure (r = 0.72, p < 0.001). An A wave > 125% of end-diastolic IVC dimension was recorded in 71% of patients with sinus rhythm and an elevated right ventricular end-diastolic pressure of 10 mm Hg or greater, but in no patient with right ventricular end-diastolic pressure of less than 10 mm Hg (p <0.001). A V wave 140% of end-diastolic IVC dimension was recorded in 75% of patients with severe tricuspid insufficiency, but in no patient with mild or no tricuspid insufficiency (p < 0.001). The inspiratory decrease in IVC dimension correlated with radionuclide right ventricular ejection fraction (r = 0.75, p < 0.001); no respiratory variation in end-diastolic IVC dimension occurred in patients with significant right ventricular dysfunction (right ventricular ejection fraction less than 25%) or in patients with constrictive pericarditis.
GRAY-SCALE B-SCAN ULTRASONOGRAPHY is useful for diagnosing masses invading or compressing the inferior vena cava (IVC).'-8 Furthermore, realtime two-dimensional echocardiographic detection of IVC microcavitations after peripheral contrast injection is valuable for diagnosing tricuspid insufficiency.9Ill The purpose of this report is to describe the normal and abnormal time-motion echocardiographic characteristics of IVC size and pulsation and to identify the physiologic and pathophysiologic determinants of the IVC echogram.
Materials and Methods
The time-motion IVC ultrasonographic data in 1 1 1 patients who also had hemodynamic, contrast right ventricular angiographic, radionuclide right ventricular angiographic or pathologic study form the basis of this report. Ten patients were normal. Sixty-seven patients had mitral stenosis, mitral insufficiency or mitral valve prosthesis. Nine patients had an atrial septal defect. One patient had a patent ductus arteriosus, one anomalous pulmonary venous drainage, one primary tricuspid insufficiency, five patients had coronary artery disease, 13 hypertrophic or congestive cardiomyopathy, three constrictive pericarditis, and one patient had recurrent pulmonary emboli with pulmonary hypertension. Eighteen of these patients required maintenance hemodialysis for chronic renal failure. IVC echographic studies were performed using a Varian V-3000 or V-3400 phased-array ultrasonoscope. The transducer was placed in a subxiphoid or right subcostal position and rotated so that the twodimensional sector was parallel to the IVC. In this manner, the course of the IVC behind the liver, extending through the diaphragm, and anastomosing with the right atrium12 was imaged ( fig. 1 ). The transducer was rocked slightly medially and laterally to record the maximum IVC size. The M-mode cursor of the two-dimensional sector was used to generate a time-motion recording of the IVC. The cursor was positioned inferior to the junction of the hepatic veins with the IVC. Care was taken not to measure the IVC where it dilates at the junction of the right atrium. A time-motion study of the IVC was recorded through several respiratory cycles. All measurements were normalized for body surface area and a mean of two respiratory cycles during normal quiet breathing was calculated. The end-diastolic IVC dimension was measured as the minimum IVC size at or after the R wave of the ECG; this was usually, but not always, the smallest IVC diameter during the entire cardiac cycle. A presystolic (A wave) pulsation was recorded in patients with normal sinus rhythm; in timing, the A wave occurred after the P wave of the ECG, but before end-diastolic IVC dimension. The IVC A wave was expressed as a percentage of the end-diastolic IVC dimension. A systolic (V wave) pulsation was recorded after the end-diastolic IVC dimension and was expressed as a percentage of end-diastolic IVC dimension. The inspiratory decrease in IVC dimension was measured and expressed as the (maximum expiratory IVC dimension minus minimum inspiratory dimension) divided by maximum expiratory IVC dimension.
All measurements were made during quiet respiration to avoid an exaggerated inspiratory decrease in IVC size. (Some of the illustrations presented were 1018 FIGURE 1. With the transducer placed in the subcostal position, the inferior vena cava (IVC), hepatic veins (HV), and right atrium (RA) can be visualized. A time-motion study of IVC pulsation is recorded below the level of the hepatic veins. PEpericardial effiusion; Aanterior; P = posterior; I inferior; S = superior. recorded using an Irex System II ultrasonoscope to permit simultaneous presentation of IVC echographic, phonocardiographic and jugular venous pulse
recordings.)
A quantitative first-pass radionuclide technique with a multicrystal camera was used to measure right ventricular ejection fraction. '3 Contrast right ventricular angiography was performed percutaneously via the transfemoral route with the patient in the right anterior oblique projec-tion. Tricuspid insufficiency was quantitated as absent, mild, and severe (or significant). In mild tricuspid insufficiency, contrast material refluxed from the right ventricle into the right atrium, at a point other than where the catheter crossed the tricuspid valve; in addition, the amount of contrast material refluxed was not enough to fully opacify the right atrium or any part of the venae cavae. (Tricuspid insufficiency only at the point where the catheter crossed the tricuspid valve was considered artifactual.) In severe tricuspid insufficiency, the right atrium was completely opacified and/or the venae cavae were partially opacified.
Statistical analysis was performed using the chisquare method, t test, or analysis of variance where appropriate. The following definitions of statistical terms are used: 
Results

Normal
Ten patients were normal. When corrected for body surface area, the end-diastolic IVC diameter was 7 ± 3 mm/M2 in these patients. There were small presystolic (A) and systolic (V) waves. The A wave was less than 125% of the end-diastolic IVC dimension; and the V wave was less than 140% of the end-diastolic IVC dimension. During quiet inspiration, IVC dimension decreased by more than 50% ( fig. 2 ). In normal patients, end-diastolic IVC dimension typically occurred during the middle of electrical systole, midway 1 cm FIGURE 2. Time-motion study of inferior vena caval (IVC) size and pulsation in a normal subject. When averaged (meaned) over one complete respiratory cycle, end-diastolic (ED) IVC dimension is 12-13 mm, the A wave is 15 mm (120% of ED IVC dimension) and the V wave is 15 mm (120% of ED IVC dimension). The electromechanical delay between the electrocardiographic events and subsequent IVC pulsation is often seen; the ED I VC dimension actually occurs during ventricular (electrical) systole. Between expiration (EXP) and inspiration (INSP), ED IVC dimension decreases 50%. 10'12 14'16 18 20 22 Mean RA Pressure (mm Hg) Mean right atrial pressure was recorded in 50 patients and ranged from 1-19 mm Hg. In these 50 patients, the mean normalized end-diastolic IVC dimension ranged from 3-19 mm/m2. Normalized end-diastolic IVC dimension correlated with mean right atrial pressure (r = 0.72,p < 0.001, fig. 3 ). Normalized end-diastolic IVC dimension did not correlate directly or inversely with radionuclide right ventricular ejection fraction, mean pulmonary artery pressure or pulmonary vascular resistance.
A Waves
Among the 50 patients in whom right atrial and right ventricular end-diastolic pressures were measured, there were 24 patients with normal sinus rhythm. In 14 of these 24 patients, right ventricular end-diastolic pressure was at least 10 mm Hg (range 10-24 mm Hg). In 10 of these 14 patients, a large IVC A wave was recorded (sensitivity of 71%, fig. 4 ). In these 10 patients, the A wave was 125-170% of the end-diastolic IVC dimension. This was not recorded in any of the 10 patients with a right ventricular enddiastolic pressure less than 10 mm Hg (specificity of 100%, p < 0.001). The abnormally large A wave always occurred between the P wave and the R wave of the ECG.
V Waves
Contrast right ventricular angiography was performed in 40 patients. Eighteen patients had no tricuspid insufficiency, 10 patients had mild tricuspid insufficiency, and 12 patients had severe tricuspid insufficiency. In nine of the 12 patients with severe tricuspid insufficiency, a large V wave was recorded (fig. 5). In these nine patients, the V wave was 140-240% of the end-diastolic IVC dimension. A large V wave was not recorded in any of the 18 patients without tricuspid or in any of the 10 patients with mild tricuspid insufficiency (p < 0.001; fig. 6 ). Five of the nine sufficiency and atrialfibrillation. Hemodynamic study showed a mean pulmonary artery pressure of23 mm Hg, a right ventricular end-diastolic pressure of 8 mm Hg, and a mean right atrial pressure of8 mm Hg. Contrast right ventricular angiography showed severe tricuspid insufficiency. The end-diastolic (ED) IVC dimension is 12-13 mm; the V wave is 20 mm (160% of ED IVC dimension) and occurs during electrical systole. In addition, there is a large V wave in the jugular venous pulse (JVP) tracing. smsystolic murmur; LSB LF = left sternal border low frequency; APEX HF = apex high frequency.
patients with severe tricuspid insufficiency and a large V wave underwent either tricuspid valve replacement or Carpentier ring placement; after surgery, the large V waves disappeared ( fig. 7 ). In patients with severe tricuspid insufficiency, end-diastolic IVC dimension tended to occur earlier, coinciding with the R wave of the ECG. The subsequent large V wave occurred during electrical systole, midway between the R wave and T wave of the ECG.
Respiratory Variation
Radionuclide right ventricular ejection fraction was measured in 39 patients and ranged from 9-57%. The inspiratory decrease in IVC dimension correlated with radionuclide right ventricular ejection fraction (r = 0.75, p < 0.001, fig. 8 ). A less than 20% inspiratory decrease in IVC dimension was seen almos! exclusively in patients with poor right ventricular function (ejection fraction < 25%, fig. 9 ), or in three patients with constrictive pericarditis (who had a right ventricular ejection fraction of 37-44%). A normal inspiratory decrease in IVC dimension was recorded in the nine patients with atrial septal defect. The inspiratory decrease in IVC dimension did not correlate with mean pulmonary artery pressure, pulmonary vascular resistance, right ventricular end-diastolic pressure or mean right atrial pressure. Discussion Blood flow from the superior and inferior venae cavae into the right atrium is biphasic; the largest forward flow occurs during ventricular systole. In general, there is a reciprocal relationship between pressure and flow; when flow increases, pressure decreases. Thus, during inspiration, vena caval pressure decreases and flow increases.'4' 1 Because the central vena caval systems act as a capacitance reservoir, phasic increases in forward blood flow from the cavae to the right atrium are accompanied by decreases in vena caval size. Normally, because maximal flow from the IVC to the right atrium occurs during ventricular systole, the smallest IVC dimension (what we have termed end-diastole) also occurs during ventricular systole. The preceding A and subsequent V waves normally represent periods of decreased flow from the IVC to right atrium. Thus, although our IVC end-diastole does not actually occur during diastasis, this minimum IVC dimension at or after the R we"e of the ECG is the most reproducible point in the IVC time-motion ultrasound trace.~_ Hemodynamic study showed a mean pulmonary artery pressure ofSS mm Hg, a right ventricular end-diastolic pressure of 14 mm Hg, and a mean right atrial pressure of 15 mm Hg. Contrast right ventricular angiography showed severe tricuspid insufficiency. The end-diastolic (ED) I VC dimension is 6 mm; the V wave is 11 mm (183% ofED I VC dimension). (B) A t surgery, a Carpentier ring was implanted. After surgery, the patient was in sinus rhythm. Hemodynamic study showed a mean pulmonary artery pressure of33 mm Hg, a right ventricular end diastolic pressure of 13 mm Hg, and a mean right atrialpressure of 10 mm Hg. Contrast right ventricular angiography showed minimal tricuspid insufficiency. Radionuclide right ventricular angiography showed a right ventricular ejection fraction of 42%. The ED IVC dimension is 12 mm; the A wave is 14 mm (117% of ED IVC dimension).
Note the change in temporal relationship between the electrical (ECG) events and the timing of the IVC ED and V waves. Furthermore, because this minimum IVC dimension occurs during maximum flow from the venae cavae to the right atrium, it represents a point of equilibration before the tricuspid valve opens. The variation in timing of the end-diastolic IVC dimension results from pathophysiologic changes in patterns of IVC to right atrial flow.
We have shown that alterations in size and pulsation and timing of IVC events are determined by alterations in right-heart dynamics. Because the IVC can be recorded in almost all patients, the analysis of the time-motion IVC echogram can provide important clinical information concerning right-heart function.
The normal end-diastolic IVC dimension depends on both patient size and right atrial pressure. The degree of correlation between end-diastolic IVC dimension and mean right atrial pressure does not permit the IVC to be used to estimate right atrial pressure. However, 17 of 18 patients with an enddiastolic IVC dimension larger than 10 mm/mi (1 standard deviation above the normal mean) had a significantly elevated right atrial pressure (above 10 mm Hg), a predictive accuracy of 94%. Assessment of serial changes in IVC dimension in individual patients may provide diagnostic information and help assess efficacy of therapy. More careful standardization of the way in which IVC dimension is measured may improve the correlation between end-diastolic IVC dimension and mean right atrial pressure.
In patients with sinus rhythm, a large A wave indicates an elevated right ventricular end-diastolic pressure. In timing, this large A wave differs from the small A wave in normal subjects. An A wave secondary to an elevated right ventricular end-diastolic pressure occurs between the P and R waves of the ECG, during mechanical end-diastole. Presumably, it represents retrograde transmission of the atrial kick. The predictive accuracy of this finding is 100%. Large A waves can also be recorded in patients with junc-EXP 4i *'-M5 P--~-C"-FIGURE 9. Time-motion study of inferior vena caval (IVC) pulsation is from a 62-year-old woman with a cardiomyopathy. Hemodynamic study showed a mean pulmonary artery pressure of 15 mm Hg, a right ventricular end-diastolic pressure of 4 mm Hg, and a mean right atrial pressure of5 mm Hg. Radionuclide right ventriculography showed a right ventricular ejection fraction of 13%. The IVC echogram shows no pulsatile activity or inspiratory (INSP) reduction in IVC dimension, although there is an anterior motion of the IVC during inspiration. EXP = expiration. tional rhythm, atrioventricular block and paced rhythms. A large IVC V wave indicates severe tricuspid insufficiency. The sensitivity of this finding in diagnosing severe tricuspid 'insufficiency is 75%, the specificity 100%, the predictive accuracy 100%, and the predictive value 90%. This finding is insensitive (41%) in diagnosing the presence of tricuspid insufficiency.
There are several possible explanations for not detecting a large V wave in milder amounts of insufficiency or in some patients with severe insufficiency. In mild tricuspid insufficiency, the regurgitant volume may not be large enough to cause the reversal flow needed to cause an abnorma'l systolic distention of the IVC (distal to the right atrium), especially in patients with mild or severe tricuspid insufficiency secondary to pulmonary hypertension or a cardiomyopathy. 'In these patients, the end-diastolic right atrial and IVC dimensions may be enlarged, and the regurgitant volume may cause only a proportionately small expansion.
The large V waves seen in patients with tricuspid insufficiency differ, in timing, from the small V waves seen in normal patients. The normal V wave occurs during late systole or early diastole, after normal IVC end-diastole. The large V wave of tricuspid insufficiency occurs during ventricular systole and, presumably, represents reversal of flow from the right ventricle to the IVC. The large V wave recorded in tricuspid insufficiency and IVC end-diastole recorded in normal subjects occur at the same time. Thus, the large V wave of significant tricuspid insufficiency is not only abnormally large, but represents a change in direction of IVC wall motion.
We recorded a large IVC V wave in one patient with chronic renal fai'lure who required maintenance hemodialysis. Although a contrast right ventricular angiogram was not performed to exclude tricuspid insufficiency, there was no murmur consistent with this diagnosis. Presumably, arterialization of the venous system from'the arteriovenous fistula produced the large V wave. We studied 17 other patients who require maintenance hemodialysis; none had a similar finding.
An inspiratory decrease in IVC dimension correlates with right ventricular function, and absence of this finding is predictive of significant right ventricular dysfunction. Presumably, when inspiration augments venous return, the increased blood flow is derived from the central capacitance venous system. Thus, inspiration normally causes a decrease in IVC dimension. In patients with right ventricular dysfunction, the normal inspiratory augmentation in venous return is limited by right ventricular enlargement and decreased right ventricular compliance, common accompaniments of right ventricular systolic dysfunction. In patients who have pulmonary hypertension, the normal inspiratory decrease in IVC dimension is maintained if right ventricular function is preserved. Shabetai et al.'6 stated that the normal inspiratory increase in vena caval flow (and the normal decrease in pressure) are absent in constrictive peri-carditis. This is consistent with our finding that in constrictive pericarditis, there is no inspiratory decrease in IVC dimension. Therefore, the findings of no decrease in inspiratory IVC dimension and normal right ventricular ejection fraction strongly suggest the diagnosis of constrictive pericarditis. Further studies are necessary to confirm these preliminary findings.* Shabetai et al.16 further reported that the inspira-tory increase in flow from the IVC to the right' atrium is preserved in cardiac tamponade; by analogy, the respiratory variation in IVC dimensio'n should be normal. Thus, the IVC echocardiographic study may be helpful in differentiating constrictive pericarditis from cardiac tamponade. A VENTRICULAR SEPTAL DEFECT (VSD) is one of the most common cardiac diseases in the pediatric population. The M-mode echocardiographic features of VSD are left ventricular enlargement, left atrial dilatation' and hyperdynamic motion of both the interventricular septum and the left ventricular posterior wall. These features.are characteristic of VSD, but can be mimicked by other conditions, such as patent ductus arteriosus or mitral regurgitation. The interruption of septal echoes on M-mode scan from the aorta to the left ventricle are unreliable for the diagnosis of VSD because of the high incidence of both false-positive and false-negative results." 2 Recently, M-mode contrast echocardiography has been used to identify VSD indirectly by revealing the right-to-left shunt at the ventricular level and to estimate the right ventricular pressure.36 Two-dimensional echocardiographic visualization of VSD seems to be the most accurate means of diagnosis. Aziz et al.7 reported that two-dimensional echocardiography (2-D echo) in a parasternal long-axis view of the left ventricle shows a supracristal-type defect as a clear space between the top of the ventricular septum and the anterior portion of the aortic root. However, this sign is absent in the majority of patients with membranous-type defects, the most common type of VSD, which limits the value of this tech-2 nique.
In this report, we show that 2-D echo can reveal the presence and anatomic location of interventricular septal defects in the subcostal view. We also estimated the hemodynamic status of the right ventricle using M-mode and two-dimensional contrast technique, and compared the reliability of these techniques.
Methods
We studied 27 patients, ages 2 months to 2 years, in whom a VSD was diagnosed by cardiac catheterization and angiography. Twenty-two patients had iso-
